We simulate a heavy-ion collision using the canonical-basis time-dependent Hartree-FockBogoliubov theory (Cb-TDHFB) treating pairing correlation in the three-dimensional coordinate space. We apply the Cb-TDHFB to 22 O+ 22 O collision with a contact-type pairing energy functional, and compare results of Cb-TDHFB and TDHF to investigate the effects of pairing correlations in nuclear fusion. Our results seem to indicate that pairing effects do not increase the fusion cross section in this system.
Introduction
The time-dependent Hartree-Fock theory (TDHF) is well-known as a useful tool to study nuclear dynamics [1] . However, TDHF can not describe effects of pairing correlation which has basically attractive property in the ground state and plays an important role in nuclear structure and low-energy nuclear reactions. There is a theory to treat pairing correlation in nuclear dynamics self-consistently, which is called the time-dependent Hartree-Fock-Bogoliubov theory (TDHFB). So far, no study of heavy-ion collision has been done using the TDHFB with a modern effective interaction in threedimensional space, because of a number of numerical difficulties and requirement of the huge computational resource [2] .
In order to study nuclear dynamics treating pairing correlation, we proposed a new time-dependent mean-field theory which is named the canonical-basis TDHFB (Cb-TDHFB) [3] . The Cb-TDHFB is derived from full TDHFB equations represented in the canonical basis which diagonalizes the density matrix, using the BCS-like approximation for pairing functional (pp,hh-channel). We confirmed the validity of Cb-TDHFB for the linear response calculations, comparing the results with those of the quasi-particle random phase approximation (QRPA) which is a small amplitude limit of the full TDHFB [3] .
In the present work, we apply the Cb-TDHFB to a large amplitude collective motion, namely the heavy-ion collision. The simulation has been done in the three-dimensional Cartesian coordinate space using the Skyrme effective interaction (SkM * ) with the contact pairing. In Sec.2, we introduce the Cb-TDHFB equations and the pairing energy functional on the present work. Then, in Sec.3, we show the difference between fusion reactions with and without pairing correlation in 22 O+ 22 O.
Formulation

Cb-TDHFB equations and contact pairing
The Cb-TDHFB equations can be derived from the TDHFB equations with an approximation for pairing functional [3] . The TDHFB state at any time can be expressed in the canonical (BCS) form.
where u l (t), v l (t) are time-dependent BCS factors and {ĉ † l ,ĉ † l } are creation operators of canonical pair of states. This is guaranteed by the Bloch-Messiah theorem [5] . Then, we choose the BCS form of pair potential as
where
corresponds to the pairing-tensor κ(t) in the canonical-basis andV ll,kk is the anti-symmetric two-body matrix element that has time dependence due to the time-evolution of canonical-basis. The subscriptsl andk mean canonical partners of l and k, respectively. We can obtain the Cb-TDHFB equations with the approximate pair potential Eq. (2), as follows.
The Cb-TDHFB equations are composed of the canonical basis φ l (t), φ¯l(t), the occupation probability ρ l (t) ≡ |v l (t)| 2 and the pair probability κ l (t). They conserve the orthonormal property of the canonical basis and the average particle number. When we choose a special gauge condition η l (t) = ε l (t) = φ l (t)|ĥ(t) | φ l (t) , they conserve average total energy.
We introduce neutron-neutron and proton-proton BCS pairing. The BCS pairing matrix elements
is written as
We introduce the spin-singlet contact interaction to Eq.(4):
where τ indicates neutron or proton channel and V τ 0 is a strength of pairing [6] .
Numerical details
Before the time-evolution, we prepare the ground states of projectile and target nuclei performing the self-consistent HF+BCS calculation. The initial state of the simulation is constructed by locating the wave functions of projectile and target at an impact parameter b and at a relative distance H where they interact through only the Coulomb interaction. We boost the wave functions and calculate the time-evolution of nuclear densities following Eq.(3). In the present work, we use the threedimensional Cartesian coordinate-space representation for the canonical states, φ l (r, σ; t) = r, σ | φ l (t) with σ = ±1/2. These wave functions of 22 O are calculated in a 20-fm cube. The coordinate space for collision dynamics is a rectangular box of 32 fm × 20 fm × 40 fm, discretized in the square mesh of ∆x = ∆y = ∆z = 1.0 fm.
Results
We simulate the 22 O+ 22 O collision with an incident energy E cm = 10 MeV which is higher than the Coulomb barrier of present system. Initial distance H between projectile and target is 20 fm along z-axis and the impact parameter is b = 2.7 ∼ 3.1 fm along x-axis. 22 O (Z=8, N=14) has superfluidity only for neutrons. The number of canonical basis treated in the calculation is 48 for the total system. The neutron pairing strength V n 0 is defined to reproduce the gap energy obtained from experimental binding energies using three-points formula. The average neutron gap energy∆ n ≡ l>0 ∆ n l / l>0 is 2.06 MeV. Figure 1 and 2 indicate the time-evolution of neutron density distributions for the 22 O+ 22 O collision phenomena for the simulation of TDHF and Cb-TDHFB, respectively, with a impact parameter b=3.0 fm. We can see a remarkable difference between the results with and without pairing correlation. Before two nuclei touch (panels (a) and (b)), the TDHF and Cb-TDHFB these simulation show almost same behavior. Near the touching point, (c) in Fig.1 and 2 , the difference appears in thin neutron-density distribution. In the TDHF simulation, a neck-like distribution is formed, but they are separated completely in the Cb-TDHFB simulation. After the touching: (d) panels, two nuclei fuse in the TDHF while they do not in the Cb-TDHFB calculation. We can evaluate a fusion cross section σ F using:
where b lim is the maximum impact parameter to fuse. We can say, at least, that the fusion cross section σ B F obtained in the Cb-TDHFB simulation is smaller than that of TDHF simulation σ H F . We also check the pairing strength dependence of the fusion cross section. We choose a weaker pairing strength and simulate the fusion reaction with the same procedure. We have confirmed the relation that the fusion cross section σ Bw F in the weak pairing strength is lager than σ B F . These seem to indicate that the pairing correlation does not enhance the fusion in present system.
We simulated the 22 O+ 22 O collision using the time-dependent mean field theory including the effects of nuclear pairing, and have shown that the fusion properties are different between with and without pairing correlation. In the present system, the pairing correlation hinders the fusion cross section. We need further study, to obtain a definite calculation. Currently, we investigate the quenching effects in more heavy mass region and in the combination of different nuclei.
